Background. Information concerning the electrophysiological characteristics of the reentrant circuit is still limited. To understand the incidence and mechanism of pacing-induced interruption of ventricular tachycardia (VT), rapid pacing was performed to entrain VT, and the local electrogram at the VT origin and the surface electrocardiogram were analyzed.
Background. Information concerning the electrophysiological characteristics of the reentrant circuit is still limited. To understand the incidence and mechanism of pacing-induced interruption of ventricular tachycardia (VT), rapid pacing was performed to entrain VT, and the local electrogram at the VT origin and the surface electrocardiogram were analyzed.
Methods and Results. Among 25 patients, evidence of transient entrainment was confirmed in 20 patients, but the critical paced cycle length at which VT was interrupted was obtained in 13 patients when the paced cycle length was decreased in steps of 10 msec. During pacing at the critical cycle length (defined as block cycle length), changes in the local electrogram at VT origin were confirmed in all of the 13 patients; that is, 1) a change in morphology and 2) a change in the timing of activation: a sudden shortening in the stimulus to local electrogram time (third entrainment criterion by Waldo). The two changes mean that the exit is activated from a different direction (retrograde capture) because of an orthodromic block in the slow conduction zone. The QRS complex in the surface electrocardiogram showed a change in configuration from the fusion complex to the fully paced one at the same time when the exit was captured antidromically.
Conclusions. Based on our observations in these patients, ventricular tachycardia interruption is very often associated with orthodromic block in the reentrant circuit at a critical cycle length of rapid pacing. (Circulation 1992; 85:589-595) In sustained ventricular tachycardia (VT), reentry has been considered the mechanism of VT when it was transiently entrained"2 or when abnormal electrograms were recorded within the reentrant circuit.3,4 The slow conduction zone has been demonstrated by the use of transient entrainment5-7 or has been localized by the endocardial mappings in human VT. [8] [9] [10] In our previous study," the conduction time through the reentrant circuit was defined as the time interval between the pacing stimulus and the orthodromically captured electrogram at the exit, and three response patterns were observed in it when the paced cycle length was decreased. The conductive property of the slow conduction zone seems to vary from one case to another.
When the rapid pacing was repeated at progressively shorter cycle lengths, some VT was interrupted at critical paced cycle lengths,5,6,'2-14 but the significance of the VT-interrupting cycle length and the mechanism of the interruption have not been schematically studied.
We extended our study to investigate the incidence and mechanism of interruption of VT with rapid ventricular pacing; the orthodromic block within the reentrant circuit was considered the underlying mechanism.
Methods Patients
Twenty-five patients with recurrent sustained VT underwent the electrophysiological study in the past 2 years in which rapid pacing was performed to entrain the tachycardia. For the present study, patients were selected by the following criteria: 1) Sustained monomorphic VT was initiated by the programmed stimulations, and rapid pacings were attempted at multiple paced cycle lengths until VT was interrupted. 2) Evidence of transient entrainment was confirmed at least in one cycle length either by the presence of constant fusion1,2 and/or by the equality of the first postpacing interval and the paced cycle length. 2 In five patients with rapid pacing from two sites in the right ventricle, VT entrainment was unconfirmed; these patients were excluded from the study. The cycle length of tachycardia in these patients was 276±+29 msec, significantly shorter than that in the other 20 A standard protocol was followed for the induction of VT18,l9: the extrastimulus technique using one or two extrastimuli after eight basic stimuli at two cycle lengths, 600 msec and 400 msec, respectively, and an incremental pacing up to 210 beats per minute for 5-15 seconds. Electrical stimuli of 2.0-msec duration were delivered at twice diastolic threshold by a programmable stimulator (stimulator BCO2, Fukuda Denshi cardiac). Intracavitary electrograms were filtered at 30-500 Hz and stored on magnetic tape (cassette data recorder XR-5000, TEAC) simultaneously with surface electrocardiographic leads I, II, and V1. They were retrieved later on the recorder (thermal recorder RF-85, Fukuda Denshi). The data were also recorded directly on an ink-jet recorder (Minograf 82, Siemens-Elema) at a paper speed of 100 mm/sec. Every VT was recorded in a 12-lead electrocardiogram and was used to determine the morphology of VT.
Rapid Pacings of VT
After initiation of VT, rapid pacing was given at a cycle length 10-20 msec shorter than the cycle length of VT and repeated after a decrement of the paced cycle length in steps of 10 msec until VT was interrupted. When the rate of VT was accelerated by rapid pacings or when VT had hemodynamic instability, a DC shock was delivered to terminate VT.
To entrain VT, rapid pacing was performed from the right ventricle at the apex and then at the outflow Block cycle length was defined as the critical cycle length at which VT was interrupted when the paced cycle length was decreased in steps of 10 msec, obviously the longest VT-interrupting cycle length.
During rapid pacing, the QRS complex and the local electrogram at the exit from the slow conduction zone were recorded continuously to observe their changes (i.e., changes in morphology and timing of activation). The block cycle length was then plotted against the cycle length of VT to evaluate the relation.
Values are presented as mean±+SD. Statistical analysis was performed by a t test, and a probability value of less than 0.05 was considered significant.
Results

Initiation of VT
Of the 20 patients, five required a single extrastimulus and the other 15 required double extrastimuli to initiate tachycardia. The VT cycle length of the 20 patients was 327±51 msec.
The site of origin of VT was found in the left ventricle in 11 patients and in the right ventricle in the other nine (Table 1) . Rapid Pacing of VT The pacing sites at which VT was entrained were the apex of the right ventricle in 15 patients and the outflow tract of the right ventricle in four patients; in the one who had VT originating from the posterolateral wall of the left ventricle, rapid pacing was entrained only from the left ventricle.
Constant fusion or constant fusion with a different degree at a different paced cycle length was confirmed in all patients ( Figure 1) .
As the paced cycle length decreased, VT was interrupted at the block cycle length of 294±31 msec in 13 patients. The cycle length of their VT was 346±46 msec (Table 1) . VT was not interrupted in the other seven patients. In three patients (two with old myocardial infarction and one with arrhythmogenic right ventricular dysplasia), the rate of VT was accelerated by rapid pacings and required DC shock. In four other patients (two with arrhythmogenic right ventricular dysplasia, one with myocardial infarction, and one postoperative case for double outlet of the right ventricle), VT had to be terminated because of hemodynamic instability. In the former groups, the cycle length was 313 ±+-25 msec and in the latter it was 278 ±41 msec, respectively. The cycle lengths of VT in the two groups were significantly shorter than that of VT of 13 patients in which VT was interrupted by rapid pacing (p<O.Ol).
Interruption of VT With Rapid Pacing
The local electrogram and surface electrocardiogram were analyzed in 13 patients when VT was interrupted at block cycle length (summarized in Table 1 ).
During rapid pacings at the block cycle length, the local electrogram at the site of the exit from the slow conduction zone showed a sudden change in morphology (Figures 2, 3, and 4 ). This finding fulfilled the third criterion by Waldo Figure 1 ). At a cycle length of 320 msec, VT was interrupted. From the first to the fifth beat, the electrogram at the exit (RV, intracavitaty electrogram from right ventricle at earliest activation site of VT) was orthodromically captured, and the conduction time measured from the pacing site (LV, site of stimulation within the left ventricle) to the earliest activation site of VT (RV) was fixed at 325 msec. At sixth beat, the local electrogram showed a definite change in morphology and timing of the activation. A sudden shortening in the time interval between the stimulus and the local electrogram is evident at the same time, which might mean an orthodromic block in the reentrant circuit. These two findings would be due to a failure of orthodromic capture of the site and subsequent retrograde capture. A distinct change in the QRS complex of the surface electrocardiogram was also evident.
sudden change from the fixed fusion to the fully paced QRS complex). The sudden change in the QRS complex of the surface electrocardiogram occurred at the same time when the exit was activated from a different direction and at a different timing as shown in Figures 1, 2, 3 , and 4. The exception was found in one patient with idiopathic VT. In this case, the QRS complex during rapid pacing had a mor-A B 1000
1 phology very close to that of one fully paced at the block cycle length, but the local electrogram at the exit showed definite changes in morphology and timing of activation. Sudden changes in the local electrogram and/or in the QRS complex in the surface electrocardiograms were followed by interruption of VT on cessation of rapid pacings. .,.,.,.,.,,.,,,.,,,.,,,,.....,.,,,.,,,,,,.,...,,.,,.,,,,,,,,ca ..,.,0 Relation Between Block Cycle Length and Cycle Length of VT The block cycle length that was defined as the critical paced cycle length at which VT was interrupted was 294± 31 msec. The block cycle length was 84+6% of the cycle length of VT, and it correlated with the cycle length of VT as shown in Figure 5 (r=0.87, p<0.001).
Discussion
Reentry is believed to be the mechanism underlying the most recurrent sustained VT, and the ability to entrain VT by rapid pacings is explained by the reentrant mechanism.12 Though patients involved in the present study had diverse underlying heart dis- eases (Table 1) , VT was entrained and was thought to have a common mechanism: reentry.
There have been several reports demonstrating orthodromic block or localized conduction block in the slow conduction zone,56'13,14 but most of them showed the phenomenon of orthodromic block in the slow conduction zone, which is associated with interruption of VT, and failed to demonstrate the incidence of this phenomenon in interruption of the tachycardia with rapid pacings. Thus, it is still unknown how often the reentrant VT can be interrupted with rapid pacing and how often orthodromic block in the slow conduction zone develops at the critical pacing rate.
In 80% of 25 patients, VT was found to be entrained by rapid pacing. However, if we had attempted rapid pacing from other sites, the incidence might increase. [20] [21] [22] The interruption of VT with rapid ventricular pacing was not obtained in seven patients because VT was accelerated in the rate (n=3) or because VT had to be terminated by other methods than rapid pacing because of hemodynamic instability (n=4). In 13 of 20 patients (65%), or in 52% of the 25 original patients, we were able to pace at progressively shorter cycle lengths and to obtain the block cycle length. The mechanism of interruption of VT with rapid pacing was then analyzed.
As long as constant fusion is confirmed in the QRS complex morphology, it is certain that the two stimulated wave fronts enter their reentrant circuit from different directions, with the orthodromic wave front emerging from the exit and resulting in a fusion complex.1'2 Finally, at a critical cycle length, the tissue within the reentrant circuit might be unable to conduct the wave front, resulting in an orthodromic block, and VT might be terminated as evident on cessation of rapid pacing.1,25661-14,23
A sudden change in morphology of the local electrogram at the exit of the slow conduction zone or its vicinity would mean that the site is activated from a different direction (retrograde capture): This finding is indeed the third criterion of the transient entrainment of VT by Waldo.1 An additional important fact is the change in the timing of activation; a sudden shortening in the time interval between the stimulus and the local electrogram must mean a retrograde capture after orthodromic block.5,6,13,14 The two changes in morphology of the local electrogram and in timing of activation were confirmed in 13 patients, and an orthodromic block in the slow conduction zone appears to be the underlying mechanism of the interruption of VT with rapid pacing.
Regarding morphology of the QRS complex in the surface electrocardiogram, MacLean et a112 observed that the QRS complex at the paced cycle length that was successful in interrupting VT was characteristic of the activation of the ventricle when pacing was performed from that site (no fusion morphology). However, they did not mention a sudden transition from the fusion complex to the fully paced one, and they did not record the local electrogram from the exit from the slow conduction zone.
When the surface electrocardiogram showed a fully paced morphology in the QRS complex, it was found that the exit was captured antidromically24; this fact was observed also in the present study. On the other hand, when the surface electrocardiogram showed a fixed fusion, the exit remained orthodromically activated. 24 In the present study, a sudden change in the configuration of the QRS complex occurred simultaneously with the change in the local electrogram at the exit. Therefore, when a change in the QRS complex morphology from the fixed fusion to the fully paced one was observed during rapid pacings, it might provide more evidence that an orthodromic block occurred within the reentrant circuit as the cause of the interruption of VT. However, a distinct change in the QRS morphology might be missed because the ability to demonstrate the fusion complex during rapid pacings is highly affected by the pacing site. 20, 22 Study Limitations Because this study was performed in a small number of patients, it is possible that other mechanisms might exist for interruption of tachycardia with rapid pacing. It is possible that the exit from the slow conduction zone is captured by the stimulated activation antidromically during rapid pacings, and that wave fronts might enter deep enough into the reentrant circuit to result in a termination of VT. If rapid pacing was performed from a distal site to the slow conduction area, the exit must be captured by the antidromic wave fronts from the pacing impulse; thus, localized block in the slow conduction zone cannot be demonstrated as previously pointed out. 22 Even in this case, however, the orthodromic block of the pacing impulse in the slow conduction zone can be the mechanism of interruption of tachycardia. As another possibility, pacings at rapid rates may result in disorganization of the functional block. However, such mechanisms have not been reported.
The relation between the block cycle length and the cycle length of VT cannot be explained, but it can be observed in the data of earlier workers. When the two cycle lengths were compared in the study of MacLean et al,12 the correlation coefficient was 0.93. An accumulation of more electrophysiological data of the reentrant circuit would be required to resolve missing information before we obtain conclusions.
Conclusions
Ventricular tachycardia is often interrupted by rapid pacing. Analyzing the local electrogram at the exit from the slow conduction zone (morphology and relative activation sequence or conduction interval from the pacing stimulus), orthodromic block in the reentrant circuit would be the most likely mechanism of interruption of ventricular tachycardia with rapid pacing.
